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Spacecraft Radiators

« Active radiators provide the primary source of heat rejection for long
duration manned spacecraft

« Radiators consist of a series of flow tubes bonded to a highly
conductive face sheet with a specialized surface coating to
maximize its radiative heat loss

« The face sheet effectively acts as a series of fins which extends the
surface areas of the individual flow tubes
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& Radiator Surface Efficiency
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 Temperature of the face sheet decreases as the distance from the
flow tube increases due to the material’s conductive resistance

* Reduces the amount of additional heat rejection gained by adding
additional surface area

* Fin efficiency (n) provides a convenient measure of how effectively
the face sheet extends the heated surface area

« Fin efficiency is the ratio of a fin’s actual heat rejection to its
theoretical maximum heat rejection that would be obtained if the
entire fin was at its base temperature (infinite thermal conductivity)

. dActual

CIM ax

« Maximum theoretical heat rejection (q,,,,) can be calculated directly
from the net radiative heat transfer relationship:

Amax = O_ELAy(TI;}ase - Ts4ink)
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« Actual heat rejection is equal to the total amount of heat conducted
through the fin’s base

« Heat conduced through the base can be calculated from the
temperature gradient at the base using Fourier's Law

« Requires solving a differential equation for the surface temperature
distribution

Radiative Heat Loss
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Qioss
dr

| qx = —k5Aya (Fourier's Law)

dx Ax+dx dq

3 > Qxtax = Gx + ——dx (Taylor Expansion)
dx
Ay
_ dT d*T

L v J Ax+dx = —k(SAya - k(SAdex

i Di - = oeAyAx(T* — Tg;
Fin Differential Element Qioss = 0€AyAx( sinkc)

Qx = Qx+dx + Qioss  (Conservation of Energy) Note: Ax =~ dx

ksdy S = —ksay L~ ksa dsz + oAyAxe(T* — Tornr)

d’T o¢
dx? = kS (T4 o Ts4ink)
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Equation Solution

T
Boundary Conditions: T(x =0) = Tggse Ix ly=, =0
dT 2K, TS 1z | |
il o~ 2K, T+ C (from integrating once)
—2K T,
C = —= + 2K, Ty, (from applying second boundary condition)
dT

2K, 12
— = < (T° = T5,) — 2K,(T — Tu-p)> where Tyip = T|x=y,

— Typ IS Uunknown so this expression for dT/dx is not usable until T, is found

— An additional integration must be performed so that the first boundary
condition can be applied and used to solve for Ty,
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Equation Solution

2K i
J (Tl (T° = T3,) — 2K,(T - Tu-p)> dT = — f dx

— Left hand integral cannot be solved analytically

— Numerical integration methods cannot be applied because the integrand
is asymptotic at T = Ty,

— Change of variable is required (proposed by Mackay and Leventhal)

T
set v? —1 dT = 2Ty,vdv

Ttip
T dv <2K1Tt5ip>1/2 ( 2 1)4 ( 2 1)3 ( 2 1)2 ( 2 1) 1 5K; .
ipV——= —V Ve + + (v° + + (v° + +w*+1) +1-—
“PT dx 5 KT,

1/2
f”max dv B jL <K1Tt3ip> dx
vmi 0 10

1/2
" ((vZ+1)4+(v2+1)3+(v2+1)2+(v2+1) 11— 2K )

K Tgp

)1/2

where Vg = V(T =Tg) = (TB/Tu-p -1 Vmin = V(T = Tu-p) =0
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Equation Solution

VUmax dv
set F(v) =J 172
Umin SKZ
W2+D*+ w2+ 13+ w2+ 12+ +1) +1———4%
Kthl-p
1/3 1/3
10 (F(v)\° 10 (F(v)\*
tip — K_l I or 0= Ttip - K_l I

— F(v) can be evaluated using standard numerical integration
methods if a value for Ty, is assumed

— Maximum theoretical range for Ty,:
Tsink < Ttip < Thase
— F(v) complex or undefined for:
Tiip < Tsine  and  Typ > Tpase (B, asymptotic at Tygge)
— Solving for Ty, reduces the problem to solving a system of two

equations or finding a root

— Solvable by some root finding algorithms in scientific computing
software packages
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« Afixed point is a value for which a function returns the same value

« By starting with an initial guess and substituting the resultant value

back into a fixed point function, an accurate approximation for the
fixed point can be obtained

* Procedure:

Pick Ty

i 271/3
10 (F(v) ,
Ttip = ?1 i with U(Ttip())

While (Tt — Ttl-p0| < tolerance

Ttip = TtipO
/3

10 (F)\*|'
E( (L”))] with v(Typo)

« Rate of convergence and ability of the iteration to converge is highly
dependent on the accuracy of the initial guess

Ttip
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* Repetitively halve the possible range based on sign change until
within the desired tolerance

 Procedure:
Set  Tmin = Tsink  Tmax = Tpase Ttip = O-S(Tmax + Tmin)

,1/3
F 10 <F (v)> thv(T )
= — = with v
max max K]_ L max
While 0.5(T,,00 — Trmin) < tolerance
1/3
10 (F(v)\* |

If [FtipIFmax >0 = Tpex = Ttip Frnax = IF‘tip
Else Tmin = Ttip

Ttip = O-S(Tmax + Tmin)

 [teration will always converge if a root exists in the initial range
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Efficiency Calculation

— With Ty, known, the actual heat rejection can be calculated using Fourier’s
Law and the base temperature gradient

T
Gactual = —k6Aya ly=0 (Fourier's Law)

2K, i 12
QActual — k(SAy T (Tbase _ Ttip — ZKZ (Tbase - Ttip)

— The normalized heat rejection g, /AY IS itself a valuable parameter
— With a valid expression for q,.,, the fin efficiency can be calculated

2K V2
ko (Tl (Tgase - Ttsip) — 2K; (Tbase B Ttip))

O-EL(TI;Lase _ Ts4ink)

'r’:
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e OnceT

ip IS known, the temperature (T;) at points (x;) along the fin
can also be solved for using a similar methodology
1/3 1/3
10 (F(v))? 10 (F(v)\’
tip = ?1 Ll or 0= Ttlp — ?1 Ll
VUmax dv
F(v) =j 73
- <(v2 + D4+ w2+ 13+ w2 +1)2+(w2+1) +1-— SKi )
K\TE,
1/2 1/2
T T;
Umax = V(T =Tg) = < lease - 1) Vmin = V(T =T;) = <T — — 1)
tip tip
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& Efficiency Curve Sensitivity NE{S'A

« Efficiency curve is a function of €, k, 6, Ty, and T,

« For agiven design, &, k, and & will be constant but T, .. and T, will
vary depending on system operation
— k and & have identical effects on fin performance
T has very little impact on efficiency for high efficiency fins (n > ~0.75)

« Decreased efficiency does not necessarily mean decreased heat
rejection

" ncrease | Effiiency | Heat Rejection | | Decrease _| Efficiency | Heat Rejection
Decrease Increase Emissivity Increase Decrease
Increase Increase Decrease Decrease
Increase Increase Decrease Decrease
Decrease Increase Increase Decrease
Decrease Decrease Increase Increase

Not subject to US Export Administration Regulations

(15 C.F.R. Parts 730-774) or US International Traffic in TFAWS 2019 — August 26-30, 2019 16

Arms Regulations (22 C.F.R. Parts 120-130)



Efficiency

0.9

0.8

o
N

o
o

o
»

0.4

0.3

[

= Reference Curve
= = *Emissivity +25%
Conductivity +25%
= = :Base Temp +25%
= = *Sink Temp +25%

0.2

Not subject to US Export Administration Regulations

(15 C.F.R. Parts 730-774) or US International Traffic in

Arms Regulations (22 C.F.R. Parts 120-130)

0.05

0.1

0.15
Fin Length (m)

0.2

TFAWS 2019 — August 26-30, 2019

0.25

17



& Summary
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« Spacecraft radiator surfaces effectively function as a series of fins
* Fin efficiency is a useful measure of radiator surface performance

« Actual heat rejection and fin efficiency can be calculated analytically
If the fin tip temperature is known

« Fin tip temperature can be found using iterative numerical methods

« Surface temperatures can be calculated using similar numerical
methods once the tip temperature is known

* Fin performance is a function of €, k, 6, T, .., @nd T
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Questions
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